The fundamental constraint on two Higgs doublet models comes from the requirement of sufficiently suppressing flavor-changing neutral currents. There are various standard approaches for dealing with this problem, but they all tend to share a common feature; all of the Higgs doublets couple very weakly to the first generation quarks. Here we consider a simple two Higgs doublet model which is able to have large couplings to the first generation, while also being safe from flavor constraints. We assume only that there is an SU (3) f flavor symmetry which is respected by the couplings of one of the Higgs doublets, and which is broken by Hermitian Yukawa couplings of the second doublet. As a result of the large permitted couplings to the first generation quarks, this scenario may be used to address the excess in W +dijet events recently observed by CDF at the Tevatron. Moreover, Hermitian Yukawa coupling matrices arise naturally in a broad class of solutions to the strong CP problem, providing a compelling context for the model.
Introduction
Models with multiple Higgs bosons provide one of the simplest possibilities for physics beyond the standard model. Indeed, two Higgs doublet models in particular have received a great deal of attention, and have arisen in a wide variety of contexts, including supersymmetry or extra dimensions, as well as axion models. More generally, given our current lack of experimental data concerning the Higgs sector, it is natural to suppose that there may be more than a single Higgs boson waiting to be discovered at the weak scale.
The fundamental constraint on multi-Higgs doublet models comes from flavor physics.
After diagonalizing the quark masses, the Yukawa couplings of the neutral component of any extra Higgs boson will generically lead to tree-level flavor-changing neutral current (FCNC) processes, which are highly constrained by data. There are only a few options generally considered for avoiding these difficulties. The first is simply to assume that the This leads to two commonly considered scenarios, referred to as the Type I and II two
Higgs doublet models (2HDMs). In the Type I 2HDM, it is assumed that an additional
Higgs does not couple to any of the standard model fermions, while in the Type II model, a first Higgs couples only to the up-type quarks, while a second couples only to the downtype quarks, as in supersymmetry. A third option often considered is that of "minimal flavor violation" [1] . In this scenario, it is assumed that the full U (3) One feature which all of these scenarios have in common is that of very small Yukawa couplings of the Higgs bosons to the first generation quarks and leptons. In the Type I and II 2HDMs this is required in order to avoid giving large masses to the first generation fermions, while in minimal flavor violation, this is required by virtue of the smallness of the ordinary first-generation Yukawa couplings. The smallness of these Yukawa couplings can make it difficult, for example, to explain a recent W jj anomaly at the Tevatron [2] by using an extended Higgs sector. In this paper we will consider a simple alternative scenario which is able to avoid this requirement, address the W jj anomaly, and simultaneously suggest a mechanism for a straightforward solution to the strong CP problem.
Our setup assumes that a single Higgs boson H dominates in providing the masses for the standard model fermions. Beyond this, we will make two assumptions:
1. There is an SU ( 2. In the canonical basis, the H Yukawa couplings are Hermitian matrices.
The reason that such a scenario can be associated with a solution to the strong CP problem is straightforward; if CP is broken only spontaneously, then the strong CP parameter, θ, may be equal to zero in the original canonical basis. Diagonalizing the quark masses, θ then remains equal to zero due to the Hermiticity assumed for the Yukawa couplings. Spontaneous breaking of CP could take place through a variety of mechanisms already appearing in the literature, such as, for example, the Nelson/Barr mechanism [3, 4] . We must simply require that our "Hermitian Flavor Violation" (HFV) structure emerges in the effective theory at low energies. This may be most easily accomplished if the SU (3) f flavor symmetry is respected by the sector of the UV theory responsible for CP violation. It may also be possible to have the same fields simultaneously break both the flavor SU (3) f and CP symmetries together; a candidate for this type of theory will be discussed in section 3.
Due to the above assumed structure, the safety of the scenario from flavor-changing neutral currents is simple to understand at the qualitative level. After diagonalizing the quark masses, the couplings of the neutral Higgs φ 0 remain unchanged, while the charged Higgs φ + has flavor-changing interactions proportional to the corresponding CKM elements. In this way, the structure of FCNC's is the same as in the standard model, with analogous suppressions by the Glashow-Iliopoulos-Maiani (GIM) mechanism; we need only assume that the Φ Yukawa is somewhat smaller than the gauge coupling of the weak interaction, depending on the Φ mass. The only difference here is that, in the presence of the H Yukawa couplings, there is no symmetry fixing the universality of the φ 0 interactions. In the standard model, the Z 0 couplings remain universal due to gauge invariance. This will lead to some small loop suppressed FCNCs, but not at a dangerous
level. We will demonstrate the safety of the flavor structure in more detail in section 2, as well as discuss the limits on the Φ Yukawa couplings.
3 Section 3 will contain a proposal for a possible UV completion of our scenario, demonstrating a mechanism for realizing the required hierarchical, Hermitian structure of the H Yukawa couplings, as well as addressing the strong CP problem.
As noted above, the key phenomenological difference between this model and more standard two Higgs doublet constructions is the presence of allowed large couplings of Φ to the first generation fermions. As a result, in section 4 we will discuss an explanation in this scenario for the excess in W jj events at CDF through resonant production of a heavy component of the new doublet. 4 We will conclude in section 5.
Flavor Constraints
In the previous section, we presented a flavor structure which allows us to couple an additional Higgs boson to the standard model quarks, without having extremely suppressed couplings to the first generation. In this section we examine the major constraints on this model and place limits on the couplings of the additional Higgs boson. The Yukawa 3 An analogous 2HDM flavor scenario was discussed in reference [5] but the motivation and underlying structure were different than what we consider here. 4 For other thoughts in this direction, see [6, 7] sector for this model is as follows: One of the most important constraints on the model comes from the up and down quark masses. Any term in the potential with an odd number of Φ fields (and a corresponding odd number of H fields) will lead to a Φ vacuum expectation value and hence a contribution to the quark masses. While such terms may be taken to be absent at tree level in appropriate UV completions (see the next section for an example), they will still be generated at loop level due to the Φ and H Yukawa couplings. Indeed, the most important radiative corrections to the Higgs potential will come from top and bottom loops. These lead to contributions
The quark mass contributions induced by this operator are
where m φ is the mass of the CP-even scalar component of Φ. If we assume that these contributions are less than or equal to the values of the physical quark masses, then we may place the following approximate upper limits on g U and g D :
with the more severe constraint on g U due to m t /m b 1. Although no tuning is needed when these constraints are satisfied, they can be relaxed if there is some degree of cancellation between the Φ and H contributions to the quark masses.
We next examine flavor-changing neutral current constraints. There are essentially two types of constraints we must consider. The first type come from loop corrections to FCNC processes which are present even in the strict limit that the Φ couplings are proportional to the identity matrix. By construction, these types of corrections have the same structure as in the standard model, with W + or H + propagators replaced by φ + ,
and generally obtain similar GIM style suppressions. In addition, we also have FCNC constraints coming from renormalization group (RG) running causing breaking of the perfect diag(1, 1, 1) forms of the Φ Yukawa couplings. We consider these in turn. Given the constraints already described above from the Φ vev requirement, the most important FCNC process we must consider is K 0 −K 0 mixing, and we will generally not discuss FCNC effects induced by the small coupling g U .
For K 0 −K 0 mixing, the experimental limits may be summarized as follows: In the below analysis, we will find three types of induced operators,
which all contribute to the K 0 −K 0 mixing. The current 95% confidence level bounds on these operators, expressed in terms of the required mass scale suppressing the real (Λ Re ) and imaginary (Λ Im ) parts, are [8] 
We now consider the contribution to K 0 −K 0 mixing coming from replacing one or both of the W ± lines with φ ± in the SM box diagrams. The expressions coming from these diagrams can be found in the Appendix. The box diagrams contribute dominantly to K 0 −K 0 mixing through an induced operator of type O LR . In Fig. (1) , we show the sizes of the mass scales in the real and imaginary parts of this operator in comparison with the experimental constraints, for a coupling g D of 0.06. Examining Fig. (1) , we see that the constraint coming from Λ Im is somewhat similar in severity to that coming from the size of the induced down quark mass.
As an aside, let us make a quick comment about the constraint coming from b → sγ decays. This constraint has been analyzed in [9] for a two Higgs doublet model where We next consider the contribution to K 0 −K 0 mixing from RG running breaking the universality of the Φ couplings. The dominant effect comes from the wave-function renormalization of the Q L fields, due to the large top Yukawa coupling to the H doublet.
Calculating the wave function renormalization of Q L , we find
where we have neglected terms that are universal (since we only care about the breaking of universality here) and also smaller terms which are proportional to Y D . We take the Φ Yukawa couplings to be universal at a UV scale Λ U V , and then RG run down to the weak scale. Without loss of generality, we are free to diagonalize the up quark mass matrix Y U at the UV scale, before performing the running. Since we already know that we must take Λ U V close to the TeV scale, we analyze the RG corrections using the leading-log 5 In [9] they state that for λ tt = 0 (G U 33 in our notation, with λ bb = G D 33 ), b → sγ decays are always safe. This is an artifact of an approximation they make which allows them to neglect the λ 2 bb contribution, which is not applicable to our case. However, the b → sγ contribution from the charged Higgs is invariant under an exchange λ tt ↔ λ bb (with the dominant diagram undergoing a parity transformation). In this way we may extract the limit for our case.
approximation. The G D coupling at the EW scale is then
After running the couplings to the weak scale, we then diagonalize
and d R j . Although the corrections to G D are diagonal in the basis we did the RG running, they are not universal. This non-universality gives family mixing when we rotate to the down quark mass eigenstates
where V is the CKM matrix. We will now show that these radiative corrections are small enough to be less constraining than earlier bounds presented in this section. We neglect all of the present contributions to K 0 −K 0 mixing except those due to the top Yukawa coupling. The leading order contribution to the Lagrangian density resulting from scalar exchange is then
where A is the CP-odd scalar, with m A being its mass. The coefficient of the
while that of the O LR operator is
The strongest bounds on the above operators come from their imaginary parts, but by inspection of equations 8 and 9, it is clear that they are quite a bit less constraining than the bounds coming from the scalar box diagram, or from the size of the induced down quark mass.
A Possible UV Completion
Here we present a UV completion which can realize our scenario in the IR. To get a Hermitian Flavor Violation model, the couplings of the SM Higgs doublet H and the extra doublet Φ to the SM quarks must be very different; H obviously needs to have a very hierarchical Yukawa matrix, while Φ must have an identity-like matrix. In addition, the H Yukawa matrices are both required to be Hermitian.
The option we will consider here is to introduce a Z 2 symmetry to distinguish the two Table 1 .
The following set of interactions are permitted by the symmetries, and will be used to generate the appropriate H Yukawa structure (showing only the up sector for brevity):
Field Table 1 : Charges of fields in the example UV completion. Here a U (1) 3 charge of "3" means that there are three such fields with separate U (1) charges of the form (1, 0, 0), (0, 1, 0) and (0, 0, 1).
The resulting H Yukawa couplings then have the form
Note that there is no contribution that mixes up different i's thanks to the U (1) i flavor symmetries. This is crucial to ensure the Hermiticity of the Yukawa matrices. Without loss of generality, we may make SU ( 
with y b being roughly the ratio of the bottom and top masses.
There are a few operators which are allowed by all of the symmetries of Table 1, but which are nevertheless dangerous to our construction. These arē
The first one leads to a non-universal Yukawa coupling to Φ and hence flavor-changing neutral currents; the second one induces a vacuum expectation value for Φ, too-large fermion masses and hence fine-tuning; the third leads directly to too-large fermion masses; the last one destroys the Hermiticity of the Yukawa matrix if i = j. Taking sufficiently suppressed coefficients for these operators is technically natural, so long as the v i vevs and masses are taken to be at least a few orders of magnitude larger than the TeV scale, with corresponding small coefficients for the O 2 and O 4 operators. In general, the masses of the various fields, and coefficients of operators in this construction are somewhat flexible, and we will not discuss them in further detail.
It is a straightforward exercise to check that this model leads to no strong CP parameter at tree level by considering the phase of the determinant of the full quark mass matrix.
At loop level, a highly suppressed contribution might arise after taking into account radiatively induced breaking of Hermiticity/universality, as well as the small induced Φ vev.
A full calculation of such loop corrections in this particular UV completion is however beyond the scope of the present work.
W jj events at the Tevatron
The CDF collaboration recently reported on the production of W jj with an integrated luminosity of 4.3 fb −1 [2] . Investigating the invariant mass distribution of the jet pair, they found an excess of 253 events (156 ± 42 electrons, 97 ± 38 muons) in the 120 − 160
GeV range, which is well fit by a Gaussian peak centered at 144 ± 5 GeV. Additionally, it has been reported that analysis of an additional 3 fb −1 sample collected by CDF shows this same feature, giving a total significance of 4.1σ for the combined 7.3 fb −1 data set [11] .
Hermitian Flavor violation provides a perfect setting for explaining the W jj anomaly with a new SU (2) doublet scalar. 8 Indeed, what seems to be required is a large coupling of the scalar to the first generation quarks. However, as noted in the introduction, such couplings usually go hand in hand with excessive flavor changing neutral currents. Hermitian flavor violation addresses this problem.
Producing W jj events at the Tevatron through a new Higgs doublet can proceed via two primary mechanisms. The first is to simply have t-channel production of a W -boson along with the new scalar, followed by decay of the scalar to two jets. This scenario, however, typically requires large couplings which run into difficulty with the constraints discussed in section 2 as well as collider constraints, and we will not discuss it further here.
The second option is to split the masses of the charged and neutral Higgs components, and consider resonant production of the heavier state. This state will then primarily decay into a W -boson plus the lighter state, with the lighter state then decaying to jets, as in Fig. (2) (in this case there will also be a small additional t-channel contribution). The CDF collaboration's background-subtracted invariant mass distribution of the lνjj system, 9 M lνjj , shows a peak in the 250 ∼ 300 GeV range [11] , which one would expect from a heavy resonance at around this mass range. In general, we may consider some flexibility in the permitted scalar spectrum, pertaining to the choice of which state is producing the final state jets, as well as whether or not the scalar and pseudo-scalar components are split from one another. Hereafter we refer to the field(s) with mass ∼ 150 GeV contributing to the excess as Φ l .
Since the Φ coupling to the u R quarks is relatively constrained by the requirement of not over-contributing to the up quark mass, as discussed in section 2, we will focus on the case where Φ couples dominantly to the d R quarks. 10 Since the proton contains twice as many up quarks as down quarks, the best case for our model is to take φ + to be the heavier, resonantly produced state. At least one of the neutral components must then have a mass of ∼ 150GeV in order to explain the CDF excess. To get an idea of the size of the coupling needed to account for the W jj excess, we generate pp → Φ l W ± → lνjj events with Madgraph/MadEvent [26] , which are then showered with Pythia [27] , with detector simulation by PGS [28] using CDF parameters. We implement the cuts described in [2] , and require a total of ∼ 250 events to pass with a luminosity of 4. While table 2 presents only a few benchmark points, the behavior suggests that various mass spectra could in principle be able to explain the W jj excess. There is some small variation in the required coupling with changes to the mass of the heavy resonance, as seen by comparison of scenarios 1 and 2. This reflects both a larger branching ratio 10 Though we focus on the case where g D is the dominant coupling, the results for coupling size in table 2 are essentially unchanged for the case of dominant g U , with the exception of case 5, where the necessary initial partons required to produce a neutral resonance differ. The σ(ZΦ l ), σ(γΦ l ), and σ(jj) entries in table 2, however, differ for the dominant g U case (due to different initial partons). Table 2 : Size of Yukawa couplings which explain the CDF W jj excess. The cross sections σ(W ± Φ l ), σ(ZΦ l ), and σ(γΦ l ) are calculated at Tevatron energy, with no cuts apart from requiring p T > 30 for the photon. Φ l refers to all fields with masses of 150 GeV. σ(jj) refers to the dijet cross section for the process pp → Φ l → jj at √ s = 630 GeV and should be compared with the limit of O(100 GeV) [29] . The parentheses for model 5u indicate the value for the coupling g U rather than g D .
BR(φ ± → W ± φ 0 ) as well as a greater acceptance of events for the heavier resonance.
If the scalar and pseudo-scalar masses are split, then the required coupling may change slightly, but not significantly, compared with the degenerate case. As an example, consider taking the CP-even scalar component heavy, so that it is no longer within kinematic reach of the φ + decays. In that case, the size of the required g D coupling will remain essentially unchanged, at ∼ .06, as seen by comparison of scenarios 2, 3, and 4 in table 2. This follows because the width of the φ + resonance, Γ, is cut in half. 13 Indeed, in the tree level production diagram, we obtain an increased resonant enhancement from a 1/Γ 2 in the propagator, yielding a factor of 4. There are half as many final states for the φ + decay, yielding a suppression by a factor of 2. Finally, due to the smaller width, there is half as much phase space volume for the initial quarks which can successfully hit the resonance. Taking into account the fact that the kinematics of the produced W jj events are unchanged from the degenerate case, and multiplying these factors together, we see that the overall event rate is essentially unchanged.
Aside from FCNC considerations, there are also direct collider constraints on two Higgs doublet models. One might expect evidence of our additional Higgs sector in γjj and Zjj events. However, note that with resonant production, such events are quite suppressed, as shown in table 2, since the γ and Z cannot be produced in φ + decays. Scenario 3 has 13 For these scenarios, φ ± decays dominantly to
the largest Zjj cross section because the CP-even scalar is heavy enough for the resonant process dd → φ → A + Z. In contrast, the mass of φ in scenario 4 lies below the threshold for decay to A + Z, so it does not receive such an enhancement.
Additionally, a new scalar with a coupling to first generation quarks could be produced as an s-channel resonance and appear in dijet searches. Because of the large QCD backgrounds, Tevatron dijet bounds are only significant for resonances heavier than those we consider here [30] . However, the lower energy pp collisions ( √ s = 630 GeV) observed by the UA2 collaboration provide an opportunity for constraining O(100 GeV) dijet resonances. A search for W R resonances using a 10.9 pb −1 data sample places constraints of O(100 pb) for σ × BR(W → jj) at the 90% confidence level for a mass of ∼ 150 GeV [29] . Although we are considering a scalar resonance, they provide a guideline for our extended Higgs sector. Our scenarios are very safe from this bound, as shown in table 2.
Discussions and Conclusions
In this paper, we presented a novel type of two-doublet Higgs model that allows for new O(.1) Yukawa couplings to the light generations while naturally suppressing FCNCs via a GIM-like mechanism. We also discussed phenomenological consequences at colliders.
Thanks to the allowed large couplings of the up-and down-quarks to the extra doublet, the production of the doublet states can be significant. In particular, the bump in the W + jj mass distribution reported by the CDF collaboration may be explained straightforwardly in this setup, while remaining consistent with phenomenological constraints. In addition,
Hermiticity of the Yukawa couplings in our scenario suggests a possible solution to the strong CP problem through spontaneous CP breaking.
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Mixing Box Diagram
Here we give a few details of the calculation of the K 0 −K 0 box diagrams with charged Higgs bosons. We first give the expression for the diagram with both a φ ± and W ± µ which is
where λ i = V * is V id , g 2 is the weak coupling constant, x i = m 
The box diagram with two charged Higgs bosons gives
where
